A novel strategy for the versatile functionalization of the external surface of metal-organic frameworks (MOFs) has been developed based on the direct coordination of the phenolicinspired lipid molecule DPGG (1,2-dipalmitoyl-sn-glycero-3-galloyl) with the metal nodes uniformly distributed on the MOF external surface. XRD and Argon (Ar) sorption analysis prove that the modified MOF particles retain their structural integrity and porosity after surface modification. Density functional theory (DFT) calculations also reveal that strong chelation strength between the metal nodes and the galloyl head group of DPGG is the basic SAND2017-12256J 2 prerequisite for successful surface coating. Due to the pH-responsive nature of metal-phenol complexation, the modification process is completely reversible by simple washing in weak acidic water, showing an excellent regeneration ability. Moreover, the colloidal stability of the modified MOF particles in the nonpolar solvent, toluene, allows them to be further organized into 2D MOF or MOF/polymer monolayer arrays by evaporation-induced interfacial assembly conducted on an air/water interface. Finally, the facile assembly of a second functional layer onto DPGG-modified MOF cores, enabled a series of MOF-based functional nanoarchitectures, such as MOF-based hybrid supported lipid bilayers (protocells), polyhedral core-shell structures, plasmonic vesicles, and multicomponent nanocarriers with target functionalities, to be generated for a wide range of applications.
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Introduction
Due to their chemical diversity, tunable porosity, and high surface areas, metal−organic frameworks (MOFs) have gained tremendous interest for a wide range of applications including gas storage, chemical catalysis, light harvesting, sensing, and drug delivery. [1] Given their highly modular nature, the introduction of additional/multiple functional groups into MOF architectures has the potential to further enrich the functional diversity, however, de novo synthesis of MOFs incopororating a target functionality (i.e., one-pot solvothermal synthesis) always encounters problems with ligand solubility/stability, and/or the formation of undesirable structures or side products.
[2] Currently, post-synthesis incorporation of desired functionalities within a given MOF system without disrupting the metal-organic linker bonds has become an important strategy to address the synthetic challenges associated with the de novo MOF synthesis. [3] Through post-covalent modification with functional organic ligands or linker reactive sites or the post-grafting of co-ordinatively unsaturated metal sites (CUS) with chelating agents, MOF systems with specific functionalities, such as increased moisture resistance and H 2 uptake through post-reaction with hydrophobic alkyl chains, [4] biofunctionality (e.g. biocompatibility, cellular transfection capability, targeted cancer therapy, etc.) via post click chemistry, [5] catalytic activity, selective adsorption, and molecular recognition capability via dative bonding of electron-rich functional groups on CUS of Cr or
Zr-based MOFs, [6] and the integration of fluorescence emission, photocatalytic activity, and in vivo imaging ability based on post-synthetic metalation, [7] have been realized. However, until now surface functionalization of MOFs is still in its infancy, and consequently investigation and assessment of new functions of novel MOF nanoarchitectures are of increasing interest. [8] In particular, so far only a few strategies have been developed to enable versatile MOF modification/functionalization.
Metal-phenolic coordination structures are of wide-spread interest due to the coupled benefits of metal ion-based inorganic and phenolic-based organic building blocks. [9] Due to their fast and reversible coordination abilities, phenolic-based or inspired molecules have been used extensively as building blocks to fabricate exotic structures with advanced functionalities, [10] such as multifunctional capsules, [10a] hollow MOFs, [10b] and superstructured assemblies.
[10d] Inspired by this well-defined coordination chemistry, we here present a novel strategy for the versatile functionalization of the MOF outer-layer surface based on simple coordination with the phenolic-based lipid molecule DPGG by a phase transfer process ( Figure 1A and Figure S1 ). The key point is the strong coordination interactions between the activated metal-binding sites surrounding the MOF surface and the galloyl head group of DPGG, which enables easy and rapid surface coating within 5 minutes without disrupting the MOF structural integrity and porosity. 
Results and Discussion
The surface functionalization of MOF particles by the lipid-analogue molecule DPGG was carried out by a phase transfer process ( Figure 1A ). In a typical synthesis, the MOF nanoparticles dispersed in water solution (1 mg/mL) were directly added to a chloroform solution of DPGG (1 mg/mL). After vortexing the suspension for several minutes, ethanol was added to break the emulsion, and the DPGG-modified MOF particles were collected by centrifugation, washed with ethanol, and dried under vacuum. To prove the successful modification, UiO66 MOF particles, composed of Zr 6 O 4 (OH) 4 octahedral metal nodes ( Figure 2A ) and 2,4-benzene-dicarboxylic linkers, [11] were first synthesized and used for demonstration. As shown in Figure S2 , UiO66 MOF particles have a uniform size of around 170 nm and exhibit a well-defined octahedral shape. Owing to their hydrophilicity, dispersion of UiO66 particles in the nonpolar solvent toluene causes rapid aggregation ( Figure S3A ).
However, after modification, the colloidal stability of UiO66 in toluene is greatly improved.
After addition of DPGG-modified UiO66 particles in a toluene/water mixed solution, the surface modified nanoparticles are preferentially retained in the toluene layer ( Figure S3B ), consistent with the transformation of surface properties to hydrophobic. Based on DFT calculations ( Figure 2B-C) , the binding energy between the Zr-based metal node and the chelating fragment of DPGG was determined to be ca. 0.75 eV, indicating a strong binding affinity. We believe the strong chelation between metal sites and the galloyl group of DPGG is the basic prerequisite for the successful coating. Fourier Transform-Infrared Spectroscopy (FTIR) of the DPGG-UiO66 conjugates in Figure 2D also reveals the presence of alkane (C-H) and carbonyl (C=O) vibrational peaks at 2917 cm -1 and 1737 cm -1 , respectively, which are also present in the FTIR spectrum of free DPGG, but not in the FTIR spectrum of the unmodified MOFs. Also as shown in Figure S4 , the Zr 3d 5/2 X-ray photoelectron spectroscopy is coordinated by phenolic groups. Moreover, as shown in Figure 2E , powder X-ray diffraction (PXRD) confirms that the DPGG-functionalized MOF sample retains the same crystallinity as the parent UiO66. The Ar adsorption isotherm is Type І consistent with a microporous solid, and the BET surface area (S BET ) is calculated to be 1068.9 m 2 /g ( Figure   2F ). After DPGG modification, the adsorption isotherm remains nearly unchanged, and we observe only an 8.6% drop in surface area to 976.5 m 2 /g, indicating that the modified MOF particle retains its porosity and that the modification is limited only to the external surface, as no surface area would be accessible if the MOF particles were completely modified. The transmission electron microscope (TEM) image in Figure S5 also proves no change of the particle shape or outer-surface structure occurs due to modification. All of the structural characterization studies demonstrate the good preservation of structural integrity and porosity of MOF particles after DPGG modification. Figure 1C ). FTIR spectra in Figure S6 confirm that all the MOF particles are successfully modified with DPGG. XRD ( Figure S7 ) and Ar sorption analyses ( Table 1) further confirm that all the modified MOF particles have preserved crystallinities and permanent porosities, indicating a versatile modification approach. Additionally, as a control experiment, when the DPGG-analogue molecule gallic acid without hydrophobic alkyl chains was used instead of DPGG, only etched hollow MOF particles (ZIF-67) were obtained ( Figure S8 ), indicating that the presence of the long hydrophobic alkyl chain is necessary to avoid the inward binding of metal sites or the replacement of inner organic linkers by DPGG.
Note that MOF nanoparticle etching by gallic acid has been observed previously.
[10e] Also due to the fast transfer of MOF particles from water phase to chloroform within several minutes, the etching of any water unstable MOF architectures has been efficiently suppressed. Due to the diverse surface chemistries of MOFs, we believe that our post-synthesis modification process is varied and should be different from MOF to MOF. For the MOF systems with unsaturated metal sites such as MIL-100(Fe), [13] the coordination of DPGG can directly occur in DPGG chloroform solution as shown in Figure S9 . However, for some other MOF systems such as ZIF-8 and ZIF-67, a dense modification only occurs with the assistance of water to decrease the stability of metal-linker bonds surrounding the MOF external surface and thus promote the replacement of organic ligands by DPGG. Summarizing, the modification process in our work involves dative bonding at the unsaturated metal sites and solvent-assisted external linker exchange, and the high binding affinity between phenol units and metal sites is the major driving force.
An important feature of metal-phenolic coordination is the pH-dependent behavior, which allows reversible modification of the MOF surface.
[9] So far, reports of reversible functionalization of MOF surfaces are still very limited but are of potentially high interest for real-world applications. In our case, for the proof of this assumption, a Fe(III)-based MOF (MIL-88A) ( Figure 3A ) was chosen due to its three different binding states between Fe(III) and phenol groups (pH<2: mono-, 3<pH<6: bis-; pH>7: tris-complex) ( Figure 3D ). [9a] The successful modification of MIL-88A MOF particles with DPGG was proven by FTIR in Figure S5 , and correspondingly by the different wetting properties ( Figure 3B ) and colloidal stabilities ( Figure 3C ) before and after modification. Note that MIL-88A was found to be hydrophilic, absorbing water droplets and displaying contact angle close to 10.6°. However, after the modification with long alkyl substituents, the contact angle was observed to be ~126.7°. Even after exposure to ambient air for several weeks, the contact angle remained the same, indicating a very stable modification. Similar to Fe(III)-phenol binding, Fe(III)-galloyl binding in our case was also pH-dependent ( Figure 3E ). The treatment of DPGG-modified MIL-88A sample at pH 7.4 buffer for several hours resulted in no reduction in the intensities of DPGG related vibrations in FTIR spectrum ( Figure 3F ). However, after washing in buffer at pH 5.0, the DPGG-related vibration intensity centered at 2950 and 1705 cm -1 decreased, and even disappeared when the pH was lowered to 1.0, clearly proving the pH-dependent disassembly behavior arising due to the progressively reduced coordination of Fe(III) with decreasing pH ( Figure 3D ). This reversible pH-dependent surface modification characteristic should enable the recycling and utilization of water-stable MOFs, especially important for
MOFs that are hard to synthesize and/or expensive.
The post-functionalization of MOFs with lipid-analogue DPGG molecules without disruption of their structural integraity imparts new functionalities and additionally enables
MOFs to be employed in other powerful fabrication strategies, such as evaporation-induced self-assembly conducted at an air/water interface to form larger scale nanoparticle arrays. [14] Here we first hypothesized that for the DPGG-modified MOF system, the long hydrophobic chains surrounding the MOF external surface would improve the moisture/water resistance ( Figure 4A ). To demonstrate this concept, HKUST-1, a copper-based moisture-sensitive MOF, was chosen owing to its relatively weak metal-carboxylic coordination which enables attack by water and consequently framework decomposition.
[4] First, as shown in Figure 4B , the presence of alkane (C-H) and carbonyl (C=O) vibrational peaks at 2920 cm -1 and 1735 cm -1 , respectively, proves the DPGG modification on HKUST-1 particle surface. In Figure 4C , the framework and crystallinity of the DPGG-coated HKUST-1 remained unaltered after modification, and Ar sorption results were consistent with the parent HKUST-1 ( Figure 4D) viz. the S BET for pristine and coated HKUST-1 are calculated to be 1920.6 and 1823.6 m 2 /g, respectively, suggesting that the intrisic HKUST-1 porous structure was preserved. Upon the incubation of both modified and unmodified HKUST-1 nanoparticles in water for 12 h, PXRD ( Figure 4C ) indicates that the pristine structure of HKUST-1 has been completely changed, demonstrating major structural changes taking place. In contrast, the structure of the DPGG-modified HKUST-1 was virtually unchanged over the same period treatment time.
Correspondingly, S BET results show the evident decrease of the BET surface area of unmodified HKUST-1 from 1920.6 to 3.9 m 2 /g, while DPGG-modified HKUST-1 only shows a more modest loss in surface area from 1823.6 to 1199.4 m 2 /g. These structural studies prove unambiguously that DPGG-modification protects MOFs from water attack attributed to vulnerable metal coordination bonds, thus preserving MOF structural integrities.
Assembly of colloidal MOFs into two-dimensional (2D) and quasi-3D arrays may enable the integration of functional MOF-based building blocks into well-defined periodic structures of potential interest for metamaterials, plasmonic, photonic-based sensing and surface patterning/ templating. 15 In our case, the colloidal stability of DPGG-modified MOF particles in the non-polar solvent toluene allows rapid fabrication of MOF monolayers by evaporationinduced interfacial self-assembly. 14 Here due to the easy synthesis of highly monodispersed MOF particles in methanol solution, ZIF-8 particles with rhombic dodecahedra morphology were first used as a prototypical MOF particle. The interfacial assembly of ZIF-8 particles on an air/water surface was carried out by dispensing a small droplet (30 µL) of DPGG-modified ZIF-8 MOFs in toluene solution (30 mg/mL) onto the water surface ( Figure 5A ). Rapid droplet spreading and phase separation of hydrophobic MOF particles to the air/water interface followed by contact line pining and solvent evaporation drives the self-assembly of a closed packed 2D MOF monolayer within only several seconds. As shown in Figure 5B , a monolayer of ZIF-8 MOF particles organized into a close-packed hexagonal array and <111>
crystal orientation was obtained. Compared with MOF assembly by drop-casting and solvent drying on a solid substrate, [15a] our MOF particle packing was more dense, due to the trapping of the hydrophobic MOFs at the fluid hydrophobic toluene/air interface allowing facile evaporation-driven assembly into close packed arrays without interference from the solid support. After toluene solvent evaporation is complete the array is transferred to the water surface as a free-standing film. Water drying then transfers the array to the solid silica surface.
The dominance of the 110 and 220 reflections in the related XRD pattern ( Figure 5C ) further proved the oriented assembly. Moreover, for UiO66 MOF particles with well-defined octahedral shapes, a hexagonal close packing (HCP) could also be achieved by the same assembly route ( Figure 5D ). Unexpectedly, by soaking the ZIF-8 HCP arrays in water for several days, which caused the partial etching of ZIF-8 nanoparticle by water, an inverse structure could also be fabricated as a template for potential lithography ( Figure 5E ). In particular, it is also possible to assemble MOF monolayers as free-standing films supported within a polymer by performing interfacial assembly with an oil-soluble commercial polymer (poly(methylmethacrylate): PMMA) added to the toluene/MOF solution. In Figure 5F -G, Nanoscale MOFs, owing to their high drug loading capabilities, biodegradability, and versatile functionality, have been considered as a promising platform for drug delivery. [17] A fluorescence microscopy image of DPGG-modified ZIF-8 particles (~2 µm) after the fusion of a FITClabeled positively charged lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) also proved the formation of hybrid bilayers ( Figure 7C ). Compared with direct fusion of lipidbilayer versicles to particle surfaces such as mesoporous silica nanoparticles, [17] our sequential lipid fusion method can overcome surface charge interaction issues and thus any lipid (positive, negative, or neutral) can be functionalized separately from the MOF surface and incorporated into the outer leaflet of a hybrid bilayer, as shown by corresponding zeta potential measurements ( Figure 7D ). The outer layer leaflet can be further modified by targeting ligands and polyethylene glycol (PEG) for applications in targeted cancer therapy. [18] To demonstrate, DPGG-functionalized MOFs (MIL-100) ( Figure 8 
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